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Mechanism of lithium-induced renal tubular acidosis: Studies
with turtle bladder. The mechanism whereby lithium impairs uri-
nary acidification was investigated in vitro with the bladder of
the fresh water turtle. The effect of lithium was compared to that
of choline or cesium. In the presence of 1% carbon dioxide, lith-
ium (40 m in the mucosa) failed to alter hydrogen ion secretion.
Lithium also caused a significant decrease in sodium transport
and in potential difference. Lithium failed to increase the passive
loss of hydrogen ions from the mucosal solution, indicating that
it does not affect the permeability of the mucosa to hydrogen
ions. Bicarbonate secretion also was unchanged in lithium-
treated hemibladders. Under open-circuit conditions, lithium
caused a significant decrease in potential difference and, hence,
caused a significant decrease in hydrogen ion secretion. Restora-
tion of the potential difference, in the presence of lithium, to con-
trol levels caused a return of hydrogen ion secretion to the origi-
nal value. These data demonstrate that in the turtle bladder lith-
ium inhibits hydrogen ion secretion solely by reducing the
potential difference and suggest that in vivo lithium causes an
acidification defect not by directly inhibiting the hydrogen ion
pump or causing a hydrogen ion backleak but by inhibiting so-
dium transport, thereby decreasing the favorable electric gradi-
ent for hydrogen ion secretion.
Mécanisme de l'acidose tubulaire rénale Induite par le lithium:
Etude de Ia vessie de tortue. Le mCcanisme par lequel lithium
altère l'acidification urinaire a etC CtudiC in vitro sur Ia vessie de
Ia tortue d'eau douce. L'effet de le lithium a CtC compare a celui
de Ia choline ou du cesium. En presence de 1% de CU2, lithium
(40 M a Ia face muqueuse) n'a pas modifiC Ia sCcrCtion d'ions
de hydrogCne. Li a déterminC une diminution significative du
transport de sodium et de La difference de potentiel. Lithium n'a
pas augmente Ia perte passive d'ions de hydrogene a partir de Ia
solution muqueuse, cc qui indique qu'il n'affecte pas Ia per-
mCabilitC de Ia muqueuse a l'ions de hydrogene. La sCcrCtion de
Ic bicarbonate n'a pas etC modifiCe chez des demi-vessies sou-
mies a le lithium. Dans des conditions de circuit ouvert, lithium
determine une baisse significative de La difference de potentiel et,
de cc fait, une diminution de Ia sCcrCtion d'ions de hydrogCne.
Le retablissement de La difference de potentiel aux valeurs con-
trôles determine un retour de Ia sCcrCtion d'ions de hydrogene a
Ia valeur initiale. Ces rCsultats montrent que, dans La vessie de
tortue, lithium inhibe Ia secretion d'ions de hydrogène seule-
ment par La reduction de Ia difference de potentiel et suggére
qu'in vivo lithium entraine un defaut d'acidification non pas en
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inhibant Ia pompe d'ions de hydrogCne, ou en determinant une
rCtro-diffusion de hydrogene, mais en inhibant Ic transport de
sodium et, de cc fait, en diminuant Ic gradient electrique favor-
able pour Ia secretion d'ions de hydrogCne.
The effects of lithium administration on renal
function have received detailed attention in the last
few years due to its increased use in patients with
affective disorders [1—71. The concentrating defect
induced by lithium has been well-characterized
both in vivo and in vitro [1, 3, 8]. Its administration
in pharmacologic doses results in the uniform devel-
opment of hyperchloremic metabolic acidosis in
both the dog [4] and the rat (unpublished observa-
tion). This metabolic acidosis is due to a distal acid-
ification defect, as affected animals demonstrate
normal bicarbonate reabsorption as well as an in-
ability to raise urinary Pco2 during sodium bicar-
bonate administration [4, 6, 9, 10]. The mechanism
whereby lithium induces a distal acidification defect
has been attributed either to a defect in hydrogen
ion secretion or to an increased backdiffusion of
acid [4, 6, 9]. The urinary bladder of the fresh-water
turtle (Pseudemys scripta) is capable of acid-
ification in vitro [11-14]. This membrane allows
evaluation of the active as well as the passive com-
ponent of hydrogen ion secretion and, thus, is an
ideal model in which to characterize the effect of
lithium on urinary acidification. Accordingly, we in-
vestigated the effect of lithium on acidification by
the turtle bladder.
Methods
Urinary bladders of fresh-water turtles (Pseud-
emys scripta) were removed, washed in Ringer's
solution, and divided into halves; each hemibladder
was mounted in a plastic chamber (Lucite) as de-
scribed by Steinmetz [12]. The exposed area of the
bladder was 8 cm2, and the results are expressed for
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this area. In the experiments where acidification
was measured, the two sides of the bladder were
bathed in bicarbonate-free Ringer's solution con-
taining the following composition, in millimoles per
liter: sodium chloride, 114.4; potassium chloride,
3.5; dibasic sodium phosphate, 2.0; dextrose, 5;
magnesium chloride, 0.5; and calcium chloride, 1.8
(pH, 7.4; osmolality, 249 mOsm/kg H20). In some
experiments, both sides of the bladders were bub-
bled with compressed air that had been passed
through three potassium hydroxide traps to remove
all carbon dioxide. In most experiments (group IB),
the mucosa was bubbled with compressed air, and
the serosa was bubbled with a gas mixture of 99%
air and 1% carbon dioxide. The spontaneous poten-
tial difference (PD) was measured by bridges of 3 M
potassium chloride and agar and half cells of calomel
connected to a voltmeter (Keithley model 600B,
Keithley Instruments, Inc., Cleveland, Ohio). An
automatic voltage clamp was used to supply enough
current via the potassium chloride and agar bridges,
and silver and silver chloride electrodes were used
to nullify the spontaneous PD. The short-circuit
current (SCC) was measured by a Simpson micro-
ammeter and recorded continuously with a Fisher
recorder. All experiments (except those of group 5)
were performed in the short circuited state. Blad-
ders that failed to maintain a spontaneous PD great-
er than 10 mV during the first hour were discarded.
The rate of mucosal acidification (designated here
to be the rate of hydrogen ion secretion) was mea-
sured with a pH-stat assembly (Radiometer Copen-
hagen, Cleveland, Ohio). The rate of acidification
was taken to be the amount of 0.01 N sodium hydrox-
ide added per minute to maintain the mucosal pH
constant at 7.4; the serosal pH was maintained at
approximately 7.4 in these experiments. In the ex-
periments where the rate of alkali entry into the mu-
cosa was measured, the pH stat technique was used,
with 0.01 N hydrochloric acid as the titrant. In these
experiments, two Ringer's solutions with identical
chloride concentrations and osmolalities were used.
The first Ringer's solution was the control solution
and contained the following, in millimoles per liter:
sodium sulfate, 13.3; sodium chloride, 54.4; choline
chloride, 40; potassium chloride, 3.5; magnesium
chloride, 0.5; dibasic sodium phosphate, 2.0; cal-
cium chloride, 1.8; and dextrose, 5 (pH, 7.4; os-
molality, 236 mOsm/kg H20). The second, bicar-
bonate Ringer's solution, contained sodium bicar-
bonate, 20; sodium chloride, 54.4; choline chloride,
40; potassium chloride, 3.5; magnesium chloride,
0.5; dibasic sodium phosphate, 2.0; calcium chlo-
ride, 1.8; and dextrose, 5 (pH 8; osmolality, 236
mOsm/kg H20). In these experiments, the bladders
were mounted and bathed with the control Ringer's
solution. The pH of the serosa was maintained at 8,
whereas the pH of the mucosa was lowered below 5
with hydrochloric acid. The pH of the mucosa at
which net hydrogen ion secretion became zero was
determined (end point). This value was determined
when the pH of the mucosa remained stable, and at
which point the level net movement of either acid or
alkali was not detectable (< 0.075 j.moles/hr) [15.-
17]. Usually, 3 to 4 hours were required for the end-
point value to be achieved. After the end point was
achieved, the serosal solution was replaced with bi-
carbonate Ringer's solution, and the rate of 0.01 N
hydrochloric acid required to maintain the pH at the
end-point level was measured. No deoxygenation
was attempted to assess the active component of
bicarbonate secretion. Only rates of bicarbonate se-
cretion that remained stable for at least 30 mm were
analyzed. In the experiments designed to assess the
rate of hydrogen loss from the mucosa, the bladders
were bathed with regular turtle Ringer's solution,
and the mucosal pH at which net hydrogen ion se-
cretion became zero was determined as described
above. Hemibladders with end points higher than
5.1 were not included in the study [15]. The rate of
hydrogen loss was determined by titrating the mu-
cosa with 0.01 N hydrochloric acid to keep the pH
of the mucosa constant at the point of zero net hy-
drogen ion secretion. The following groups were
studied.
Group 1: Effect of lithium on urinary acidification
in the presence and absence of serosal carbon diox-
ide. (A) In these experiments the rate of hydrogen
ion secretion was measured in control and experi-
mental hemibladders bathed on both sides with car-
bon-dioxide-free air. After the rate of hydrogen ion
secretion was stable for at least 30 mm, lithium
chloride was added to the mucosal solution in a con-
centration of 40 m, and equal amounts of choline
chloride (asymmetrical solution) were added to the
serosal side. In the control hemibladders, choline
was added to both the mucosal and the serosal sides
(symmetrical solutions). This concentration of lith-
ium was chosen because unpublished data from this
laboratory have demonstrated that dogs and rats
with distal renal tubular acidosis induced by lithium
chloride have urinary lithium concentrations of
about 40 mmoles/liter. (B) Another set of experi-
ments identical to those described for group 1A
were done except that the serosa was bubbled with
1% carbon dioxide and the serosal and mucosal pH
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were maintained at 7.4. (C) This set of experiments
was identical to those of group lB except that in-
stead of lithium chloride, cesium chloride was add-
ed to the mucosal solution in an equimolar amount.
Group 2: Effect of lithium on urinary acidification
in the presence of amiloride or ouabain. (A) These
experiments were performed in an identical fashion
to those of group IA except that both hemibladders
had amiloride added to the mucosal side in a con-
centration of l0 M at the beginning of the experi-
ment. (B) These experiments were also identical to
those of group IA except that both hemibladders
were treated with ouabain, 5 X l0 M, at the sero-
sal side.
Group 3: Effect of lithium on hydrogen ion loss
from the mucosa. In these experiments the mucosal
pH was determined when net hydrogen ion secre-
tion was zero. These hemibladders were treated ei-
ther with choline chloride at both sides or with lith-
ium chloride at the mucosal side and choline chlo-
ride at the serosal side. To demonstrate that the
technique used to measure hydrogen ion loss from
the mucosa could indeed detect such a loss, we also
performed experiments in which amphotericin B
(Fungizone), an agent known to induce the rate of
hydrogen ion loss from the mucosa, was added to
the mucosal side in a concentration of 15 g/ml [15].
Group 4: Effect of lithium on bicarbonate secre-
tion. (A) In these experiments, the rate of bicar-
bonate secretion was stable for at least 30 mm, both
sides of the chamber were drained, and the mu-
cosal solution of the experimental bladder was re-
placed by a solution of identical composition except
that choline chloride was substituted by lithium
chloride in an identical concentration. Thus, the
chloride concentration in these solutions was con-
stant. The serosal solution remained unchanged. In
the control hemibladder, both chambers were
drained and replaced with the same solution. (B)
This set of experiments was identical to those de-
scribed in group 4A except that instead of lithium
chloride, cesium chloride was added in the mucosal
solution in an equimolar amount.
Group 5: Effect of lithiu,n on hydrogen ion secre-
tion under open-circuit conditions in the presence of
1% carbon dioxide. (A) In these experiments baseline
hydrogen ion secretion was measured first under a
short-circuit state and then under open-circuit con-
ditions. After the hydrogen ion secretion rate was
stable in the open-circuit state, 40 m lithium chlo-
ride was added to the mucosal solution, and an
equimolar amount of cesium chloride was added to
the serosal solution. In the control hemibladder, an
equal amount of cesium chloride was added to both
the mucosal and serosal solutions. (B) A second se-
ries of experiments were performed in which hydro-
gen ion secretion was measured first under open-
circuit conditions. After hydrogen ion secretion was
stable in the open-circuit state, 40 m lithium chlor-
ide was added to the mucosal solution, and an equi-
molar amount of cesium chloride was added to the
serosal solution. After hydrogen ion secretion and
PD decreased to a stable value, a current (from an
external source) was passed through the bladder to
bring the PD back to the level observed before lithi-
um addition.
The experiments reported in this paper were per-
formed between November 1977 and June 1979, and
thus differences in the baseline rates among groups
may be explained by seasonal variation, which is
well known to influence hydrogen ion secretion in
the turtle bladder.
Data are presented as the means SEM. In the
tables, baseline and experimental values refer to
values obtained before and after (90 to 120 mm) ad-
dition of choline chloride or lithium chloride, a time
at which a steady-state rate of hydrogen ion secre-
tion had been reached. This steady-state rate re-
mained constant throughout the duration of the ex-
periments. Student's paired t test was used to ana-
lyze the data.
Results
Effect of lithium on hydrogen ion secretion in the
presence and absence of serosal carbon dioxide
(Table I). In the absence of serosal carbon dioxide
(group 1A), lithium caused a significant decrease in
hydrogen ion secretion, whereas in hemibladders
treated with choline chloride hydrogen ion secre-
tion remained unchanged. There was no difference
in hydrogen ion secretion between the two sets of
hemibladders in the baseline periods. In the experi-
mental period, hydrogen ion secretion and its ratio
in the experimental period divided by the baseline
value were significantly lower in the lithium-treated
than they were in the choline-treated hemibladders.
The decrease in hydrogen ion secretion achieved a
steady state after 60 mm of lithium addition and re-
mained stable for an additional 90 mm. In lithium-
treated hemibladders, sodium transport, measured
as the short-circuit current (SCC) [18, 19] corrected
for hydrogen ion current, decreased significantly
from 286.8 36.60 to 53.2 63 j.A (P < 0.01). In
choline-treated hemibladders, sodium transport al-
so decreased significantly, although the decline was
of lesser magnitude (344.8 45.8 to 156.7 27.20
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Table 1. Effect of lithium on hydrogen ion secretion in the absence and presence of carbon dioxide in the serosa (group I )
JH
p.moles/hr Experimental 'HIbaseline Ji1
%Baseline P Experimental
A. C02-free air in the serosa (N = 6)
Choline chloride 1.77 0.20 NS 1.81 0.20 102.3 3.79
P NS <0.001 <0.01
Lithium chloride 1.66 0.01 <0.01 1.09 0.09 66.5 4.02
B. 1% CO2 in the serosa(N = 6)
Choline chloride 1.78 0.13 <0.001 2.21 0.17 124.8 2.60
P NS <0.01 <0.01
Lithiumchloride 1.70 0.16 NS 1.70 0.16 100.0 3.90
a Baseline and experimental refer to values obtained before and after (90 to 120 mm) either choline or lithium, respectively. JH is the
hydrogen ion secretion measured by the pH stat technique.
Table 2. Effect of choline and cesium on hydrogen ion secretion
in the presence of 1% carbon dioxide in the serosa
(group IC,N = 6)
JH
pino/es/hr Experimental JH/
baseline JH
%Baseline P Experimental
Choline
chloride 2.42 0.34 < 0.025 2.91 0.26 127.5 13.67
P NS <0.05 <0.025
Cesium
chloride 2.33 0.34 NS 2.14 0.36 90.2 5.06
aJH is defined in Table I.
uA, P < 0.01). The decrease in sodium transport
was significantly greater in lithium-treated hemi-
bladders than it was in the choline-treated halves (P
<0.02).
To determine whether the effect of lithium on hy-
drogen ion secretion was due to a decline in sodium
transport resulting in a decrease in the availability
of carbon dioxide, we performed experiments in
which the serosa was bubbled with 1% carbon diox-
ide, and we bubbled the mucosa with carbon-diox-
ide-free air [13]. These results are shown in Table I
(group IB). There was no difference in the rate of
hydrogen ion secretion in the baseline period be-
tween the two sets of hemibladders. In the hemi-
bladders treated with choline, hydrogen ion secre-
tion in the experimental period increased signifi-
cantly, reaching a stable value 60 mm after choline
addition; hydrogen ion secretion was stable for an
additional 30 to 60 mm. In the lithium-treated hemi-
bladders, hydrogen ion secretion remained un-
changed throughout the experiment. Hydrogen ion
secretion, expressed either in absolute terms or as
the ratio of the experimental period to the baseline
period, was significantly higher in choline-treated
hemibladders than it was in lithium-treated hemi-
bladders. These data demonstrate that when carbon
dioxide is not rate limiting, lithium has no inhibitory
effect on hydrogen ion secretion.
The effect of choline chloride on hydrogen ion se-
cretion was explored further by comparing the ef-
fect of choline to that of cesium on hydrogen ion
secretion. These experiments were performed to
exclude the possibility that hydrogen ion secretion
might tend to increase with prolonged exposure to
1% carbon dioxide. If such were the case, the lack
of an increase in hydrogen ion secretion in lithium-
treated hemibladders as compared to choline-
treated halves could have been due to inhibition of
hydrogen ion secretion by lithium. These results are
shown in Table 2 (group 1C). There was no dif-
ference in hydrogen ion secretion between the two
sets of hemibladders in the baseline period. In the
hemibladders treated with choline, hydrogen ion se-
cretion increased significantly and achieved a stable
value 60 mm after choline addition. It remained
stable for an additional 30 to 60 mm. In the hemi-
bladders treated with cesium, hydrogen ion secre-
tion remained unchanged throughout the experi-
ment. Hydrogen ion secretion was significantly
higher in the choline-treated hemibladders than it
was in the cesium-treated halves. The effect of cho-
line in the turtle bladder is thus similar to that ob-
served in the isolated cortical collecting tubule of
the rabbit [20].
Effect of lithium on hydrogen ion secretion in the
presence of amiloride or ouabain (Table 3). Be-
cause an effect of lithium on hydrogen ion secretion
in the previous group was demonstrated only when
carbon dioxide availability was decreased by inhibi-
tion of sodium transport, we examined whether lith-
ium would also inhibit hydrogen ion secretion when
sodium transport was inhibited by prior administra-
tion of either amiloride or ouabain. We assumed
that lithium inhibits hydrogen ion secretion not by
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entering the cell, but rather by its presence in the
mucosal solution where it interferes with sodium
transport. This assumption is supported by the fact
that despite favorable conditions for lithium entry
into the cell it failed to alter hydrogen ion secretion
when carbon dioxide was not rate limiting (group
lB). Table 3 shows that when sodium transport was
inhibited by prior addition of either amilonde or
ouabain, lithium and choline failed to alter hydro-
gen ion secretion.
Effect of lithium on hydrogen ion loss from the
mucosa. The experiments in this group were per-
formed to determine whether lithium induces a pas-
sive loss of hydrogen ions from the mucosal solu-
tion. To determine the rate of hydrogen ion loss
from the mucosa, we had to inhibit the active com-
ponent of hydrogen ion secretion by a pH gradient.
The mucosal pH at which hydrogen ion secretion
became zero was 4.68 0.07 in hemibladders
treated with choline chloride, and 4.66 0.06 in
hemibladders treated with lithium chloride (N = 8).
Passive loss of hydrogen ion from the mucosa was
undetectable both before and after addition of either
choline chloride or lithium chloride.
To demonstrate that the technique used was ca-
pable of detecting passive loss of H from the mu-
cosa, we performed experiments in which ampho-
tericin B, an agent that induces an increase in the
passive loss of hydrogen ions, was added to the mu-
cosal solution in a concentration of 15 gJml [15]. In
these hemibladders, the mucosal pH at which hy-
drogen ion secretion became zero was 4.63 0.13
(N = 4); passive hydrogen ion loss from the mucosa
was undetectable before amphotericin B adminis-
tration and increased to 0.17 0.03 moles/hr after
amphotericin B addition.
Effect of lithium and choline on bicarbonate se-
cretion (group 4A; Table 4). The mucosal pH at
which hydrogen ion secretion became zero was not
different between the two sets of hemibladders.
There was no difference in the rate of bicarbonate
secretion in the baseline period between the two
Table 3. Effect of lithium on hydrogen ion secretion in the presence of amilonde or ouabain (group 2)
JH
j.unoleslhr Experimental JIII
baseline J14
%Baseline P Experimental
A. With amiloride(N = 6)
Choline chloride 1.97 0.32 NS 2.0 0.36 101.0 2.11
p NS NS NS
Lithium chloride 2.0 0.36 NS 1.98 0.31 100.8 3.87
B. With ouabain (N = 5)
Choline chloride 1.50 0.24 NS 1.66 0.24 111.6 5.95
P NS NS NS
Lithium chloride 1.21 0.18 NS 1.20 0.18 100.6 7.17
JH is defined in Table 1. Amiloride, I0- M, was added to the mucosal side in group 2A, and ouabain, 5 X l0- M, was added to the
serosal side in group 2B 2 to 3 hours before the baseline rate of hydrogen ion secretion was measured with the pH stat technique. Both
groups of hemibladders were bubbled with carbon-dioxide-free air.
Table 4. Effect oflithium and choline on bicarbonate secretion (group 4Y
JHCO
.ano1es/hr Experimental JHCO/baseline JHCO:
%
Mucosal pH(J = 0)
pH unitsBaseline P Experimental
A(N= 13)
Choline chloride 0.91 0.08 <0.001 0.67 0.08 73.4 4.52 4.63 0.05
P NS <0.02 <0.005 NS
Lithium chloride 1.0 0.08 NS 0.89 0.09 91.2 5.90 4.63 0.04
B(N = 6)
Cholinechloride 1.1 0.16 <0.01 0.61 0.11 57.6 4.08 4.67 0.07
P NS NS <0.02 NS
Cesium chloride 1.1 0.28 NS 0.92 0.18 85.6 5.02 4.67 0.08
= 0 is the mucosal pH at which hydrogen ion secretion became zero. In one set of hemibladders, the choline chloride in the
mucosal solution was replaced in the experimental period by an equal amount of lithium chloride (group 4A) or cesium chloride (group
4B), keeping the chloride concentration unchanged. In the other set of hemibladders, the mucosal solution was replaced with the same
solution. JHCO, is the rate of bicarbonate secretion measured by the pH stat technique.
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sets of hemibladders. In the experimental period,
the choline chloride in the mucosal solution was
substituted by lithium chloride in one set of hemi-
bladders, whereas in the other set of hemibladders
the mucosal solution was drained and replaced with
the same solution maintaining the chloride concen-
tration constant in all the experiments. Bicarbonate
secretion decreased significantly in the choline-
treated hemibladders and remained unchanged in
the lithium-treated hemibladders. Bicarbonate se-
cretion, expressed either in absolute terms or as the
ratio of the experimental value to baseline value,
was significantly lower in choline-treated hemiblad-
ders than it was in the lithium-treated halves. The
effect of choline to decrease bicarbonate secretion
in the turtle bladder is similar to the inhibition of
bicarbonate secretion by this agent in the isolated
cortical collecting tubule of the rabbit [21]. The ef-
fect of choline on bicarbonate secretion was ex-
plored further by comparing the effect of choline to
that of cesium on bicarbonate secretion. Table 4
(group 4B) shows that there was no difference in the
baseline rate of bicarbonate secretion between the
two sets of hemibladders. Bicarbonate secretion de-
creased significantly in choline-treated hemiblad-
ders and remained unchanged in the cesium-treated
halves.
Effect of lithium on hydrogen ion secretion under
open-circuit conditions (Tables 5 and 6). Baseline
hydrogen ion secretion under open-circuit condi-
tions was significantly greater than it was under
short-circuit conditions in both sets of hemiblad-
ders. Addition of lithium under open-circuit condi-
tions resulted in a decline in the PD to a value not
significantly different from zero; hydrogen ion se-
cretion decreased significantly as compared to pre-
ceding values under open-circuit conditions. The
values of hydrogen ion secretion during lithium ad-
dition under open-circuit conditions are not signifi-
cantly different than those observed under baseline
Table 5. Effect of lithium on hydrogen ion secretion under open-circuit conditions in the presence of
1% carbon dioxide in the serosa (N = 6)
JH, pinoleslhr PD,mV
Period 1 Period 2 Period 3 Period 1 P Period 2 P Period 3
(SCC) P (OC) P (OC)
Lithium chloride 2.04 0.48 <0.05 2.63 0.41 <0.005 1.56 0.28 31.8 4.5 NS 36.0 6.5 <0.01 3.3 3.0
P NS NS <0.005 NS NS <0.025
Cesium chlonde 1.70 0.27 <0.05 2.19 0.27 <0.05 2.60 0.3 36.2 2.1 <0,02 38.7 2.5 <0.025 22.5 5.67
i.unoles/hr PD,mV
Periods 1-2 Periods 2-3 Periods 1-3 Periods 1-2 Periods 2-3 Periods 1-3
Lithium chloride
Cesium chloride
P (LiCI vs. CsCI)
0.58 0.26
(P <0.05)
0.51 0.20(P < 0.025)
NS
—1.02 0.25
(P < 0.005)
0.41 0.20
(P < 0.05)
<0.005
—0.48 0.20
(NS)
0.92 0.27
(P < 0.01)
<0.0125
4.2 2.2
(NS)
2.5 0.8
(P < 0.05)
NS
—32.7 6.3
(P <0.0025)
—16.2 6.3
(P <0.025)
<0.05
—28.5 4.5
(P <0.0025)
—13.7 6.2
(P <0.05)
<0.05
a Hydrogen ion secretion was measured under short-circuit conditions (period 1-SCC), open-circuit conditions (period 2-OC), and
following the addition of either lithium chloride or cesium chloride under open-circuit conditions (period 3-OC). PD is potential dif-
ference.
Table 6. Effect of restoration of potential difference on hydrogen ion secretion in the presence of lithium (N = 6) (group 5B)
Jft,p.no1esIhr PD,mV
Period I
(OC) P
Period 2
(OC + Li) P
Period 3
(OC + Li + RPD)
Period I
(OC) P
Period 2
(OC + Li) P
Period 3
(OC + Li + RPD)
1.66 0.18 <0.005 1.1 0.12 <0.0025 1.83 0.12 34.5 8.4 <0.005 2.0 0.9 <0.005 34.5 8.4
JH, j.unoleslhr EPD,mV
Periods 1-2 Periods 2-3 Periods 1-3 Periods 1-2 Periods 2.3 Periods 1-3
—0.55 0.13
(P < 0.005)
0.72 0.13
(P < 0.0025)
0.17 0.07
(P < 0.05)
—32.5 7.8
(P < 0.005)
33.0 8.0
(P < 0.005)
0
a OC is opencircuit; OC + Li,open circuit plus addition of lithium; OC + Li + RPD, restoration of PD to the original baseline value.
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short-circuited conditions. In the control hemiblad-
ders, addition of cesium chloride also resulted in a
decline in PD, although of much lesser magnitude
than in lithium-treated hemibladders. Hydrogen ion
secretion increased significantly in cesium-treated
hemibladders despite the small decrease in PD.
Table 6 shows that addition of lithium under
open-circuit conditions caused a significant de-
crease in both hydrogen ion secretion and PD. Re-
turn of PD to the original baseline level resulted in a
return of hydrogen ion secretion to slightly above
the baseline level despite the continued presence of
lithium chloride. The data demonstrate that in the
turtle bladder, lithium inhibits hydrogen ion secre-
tion solely by reducing a favorable electric gradient
and not by interfering with the active component of
the hydrogen ion pump.
Discussion
Lithium administration to animals, when it is suf-
ficient to raise the plasma concentration to 3 to 4
mEq/liter, causes distal renal tubular acidosis [4].
Because these animals are able to respond to buffer
administration, as regards urinary acidification, in a
fashion indistinguishable from normal animals, we
postulated that the capacity for hydrogen ion se-
cretion was intact [4, 9]. We therefore suggested
that the mechanism responsible for the defective
distal acidification observed in lithium-treated ani-
mals was secondary to increased backdiffusion of
acid. The turtle bladder is a membrane that acidifies
in a fashion analogous to the mammalian distal
nephron [13]. Accordingly, we performed experi-
ments with this membrane to examine directly the
mechanism whereby lithium inhibits urinary acid-
ification.
The rate of hydrogen ion secretion by the turtle
bladder in vitro is influenced by electrochemical
gradients, availability of carbon dioxide and glu-
cose, and aldosterone [13]. Lithium decreased hy-
drogen ion secretion in the absence of carbon diox-
ide but failed to elicit the same response in the pres-
ence of 1% carbon dioxide. This observation
demonstrates that, under short-circuit conditions,
lithium affects hydrogen ion secretion only by de-
creasing sodium transport, thereby decreasing the
availability of carbon dioxide. Lithium is known to
compete with sodium for entry into cells, and by
this mechanism it inhibits sodium transport [7]. Fur-
ther support for the notion that lithium, under short-
circuit conditions, affects hydrogen ion secretion in
vitro only through its effect on sodium transport is
the demonstration that when sodium transport is al-
ready inhibited by either amiloride or ouabain, lith-
ium fails to alter hydrogen ion secretion. Both
amiloride and ouabain prevent lithium entry into the
cell [22, 23]. It could be argued, therefore, that lith-
ium failed to affect hydrogen ion secretion in these
experiments because amiloride and ouabain pre-
vented lithium entry into the cell. This explanation
is unlikely because, in the presence of 1% carbon
dioxide and in the absence of agents that inhibit lith-
ium entry into the cell (group IB), lithium fails to
decrease hydrogen ion secretion. It is likely there-
fore that lithium failed to alter hydrogen ion secre-
tion in the presence of amiloride or ouabain, be-
cause in these experiments carbon dioxide avail-
ability was already reduced by the inhibition of
sodium transport induced by these agents.
Although lithium failed to alter hydrogen ion se-
cretion, choline enhanced hydrogen ion secretion
(Table 2). A similar effect was noted in the isolated
cortical collecting tubule of the rabbit [20]. The
mechanism responsible for this effect is unknown.
Because clearance studies [4] have suggested that
lithium may enhance backdiffusion of acid in the
renal tubule of the dog, we performed experiments
to determine whether lithium similarly increases
backdiffusion of hydrogen ions from the mucosal
fluid in the turtle bladder. The present experiments
(group 4) failed to demonstrate any effect of lithium
on backdiffusion of hydrogen ions. Because the
technique used to measure the backleak of hydro-
gen ions was able to detect passive hydrogen ion
loss in amphotericin-treated bladders, it is reason-
able to conclude that the technique was sensitive
enough to detect a hydrogen ion leak if such a leak
were present in lithium-treated bladders.
Net bicarbonate secretion has been demonstrated
in the isolated cortical collecting tubule of the rabbit
[21] and may also be present in other mammals.
Lithium might cause an acidification defect by en-
hancing bicarbonate secretion. Such an effect of
lithium was not found in the turtle bladder, which
is also capable of secreting bicarbonate [15-17].
In the present experiments, neither lithium nor
cesium changed the rate of bicarbonate secretion.
Choline decreased bicarbonate secretion in the
turtle bladder (Table 4). A similar effect of choline
has been observed in the isolated cortical collect-
ing tubule of the rabbit [21]. The lack of effect of
lithium on bicarbonate secretion in the turtle bladder
suggests that stimulation of bicarbonate secretion
is not likely the mechanism of the lithium-induced
acidification defect in the mammalian kidney.
The only demonstrable effect of lithium in the
short-circuited turtle bladder is inhibition of hydro-
gen ion secretion when carbon dioxide availability
is rate limiting. Inasmuch as carbon dioxide is not
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rate limiting under in vivo conditions, the effect of
lithium on hydrogen ion secretion in vivo cannot be
explained by this mechanism, nor can the in vivo
effect of lithium be explained by any direct action
on the proton pump, active bicarbonate secretion,
or by the passive loss of hydrogen ions, as judged
from the in vitro data cited above. By analogy, lith-
ium likely does not affect these mechanisms in the
in vivo mammalian kidney.
Although in vitro hydrogen ion secretion can be
dissociated from sodium transport both in the turtle
bladder and in the isolated cortical tubule of rabbits,
it is clear that (both in vivo and in vitro) any in-
crease in sodium transport which increases the
magnitude of the negative transtubular potential dif-
ference will increase the rate of hydrogen ion secre-
tion and vice versa [4, 24, 25]. Ziegler, Fanestil, and
Ludens [24] have demonstrated that hydrogen ion
secretion is a linear function of potential difference
in the toad bladder. In the turtle bladder, hydrogen
ion secretion is also inhibited by the imposition of
an adverse potential difference [25]. To investigate
whether lithium might alter hydrogen ion secretion
by its effect on potential difference, we measured
the effect of lithium on hydrogen ion secretion un-
der both short- and open-circuit conditions. Under
open-circuit conditions and in the presence of car-
bon dioxide, hydrogen ion secretion was signifi-
cantly higher than it was under short-circuit condi-
tions. Addition of lithium under open-circuit condi-
tions led to a significant reduction in potential
difference to values not significantly different from
zero. Hydrogen ion secretion decreased significant-
ly as compared to the values observed under open-
circuit conditions. The values of hydrogen ion se-
cretion observed during lithium addition under
open-circuit conditions were not significantly dif-
ferent than the baseline values measured under
short-circuit conditions. Thus, lithium decreased
hydrogen ion secretion to the values observed un-
der short-circuit conditions but not below them; in
essence lithium reduces the potential difference to
zero, thus "short circuiting" the system. Restora-
tion of the potential difference following the addi-
tion of lithium to the baseline value totally reversed
the inhibitory effect of lithium on hydrogen ion se-
cretion (Table 6). These observations demonstrate
that lithium, by reducing the potential difference,
induces an unfavorable electrical gradient for hy-
drogen ion secretion, thereby causing a decrease in
hydrogen ion secretion. Thus, in vitro lithium inhib-
its hydrogen ion secretion by two distinct mecha-
nisms, both of which are mediated by changes in
sodium transport. In the absence of carbon dioxide,
lithium inhibits sodium transport and thus de-
creases the availability of carbon dioxide and,
hence, hydrogen ion secretion. In the presence of
carbon dioxide and under open-circuit conditions,
lithium reduces sodium transport and thus reduces
the favorable electric gradient for hydrogen ion se-
cretion.
The latter effect can be invoked to account for the
effect of lithium in vivo. In vivo, lithium likely de-
creases the potential difference by reducing sodium
transport in the lumen of the distal nephron. This
effect results in an increase in the positivity of the
lumen and thus net hydrogen ion secretion de-
creases.
The normal acidifying response of lithium-treated
animals to sodium sulfate infusion and neutral so-
dium phosphate administration can be explained by
the fact that administration of these salts increases
the delivery of sodium to the distal nephron. Be-
cause the anion of these salts is not reabsorbed in
the distal nephron, they increase the negativity of
the lumen and therefore favor hydrogen ion [4, 9].
Conclusion. In the presence of carbon dioxide,
the inhibitory effect of lithium on hydrogen ion se-
cretion in vitro is evident only under open-circuit
conditions. Under these conditions, lithium causes
a decrease in potential difference and thus reduces
the favorable electric gradient for hydrogen ion se-
cretion. The data suggest that lithium-induced inhi-
bition of hydrogen ion secretion in vivo is also me-
diated by a reduction of the transtubular potential
difference in the distal nephron, caused either by a
reduction in sodium transport or by the presence of
lithium, which acts as a nonreabsorbable cation. It
is possible that some forms of human distal renal
tubular acidosis may arise as a consequence of an
inability to generate or maintain a favorable elec-
tric gradient for hydrogen ion secretion.
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